maritima. The structure explains most of the extensive
genetic and biochemical data available for this system, red in the figures), the 1067 stem-loop (green), the 1082 hairpin (gold), and the 1095 stem-loop (blue). and it provides a framework for understanding the structural role played by the GAR in its interactions with elongaIn the tertiary structure, the terminal stem stacks on the 1095 stem-loop and the 1067 stem-loop stacks on tion factors. The compact fold of the RNA component reveals new tertiary interactions that will help define the the 1082 hairpin. Thus, the four double-helical segments stack pairwise to form two extended helical subdoprinciples governing RNA folding. Finally, the structure is also potentially of great medical interest because it promains. These two subdomains have irregular yet complementary shapes, so that the entire GAR RNA folds vides a new window on the mechanism of action of the thiostrepton family of antibiotics.
into a single compact globular domain ( Figures 1B and  1C) . The helical subdomains associate in a roughly parallel fashion, with the terminal stem packed against the Results 1082 hairpin and the 1067 and 1095 stem-loops packed against each other. Bulged-out residues in the 1067 and The GAR RNA from the T. maritima 23S rRNA consists of 1095 stem-loops mediate long-range tertiary interacnucleotides 1111-1168, which correspond to nucleotides tions between the two subdomains. The fold requires 1051-1108 in the E. coli sequence. Hereafter, the E. coli two sharp turns in the backbone at the 1056-1057 and numbering will be used in order to facilitate comparison 1086-1087 phosphodiester linkages in the center of the with the available biochemical and genetic data. As dejunction, where the chain crosses over from one helical scribed in the Experimental Procedures, we obtained cryssubdomain to the other. The molecule also contains a tals of the GAR RNA complexed with ribosomal protein relatively large number of well-ordered metal ions that L11 from T. maritima and solved the structure to 2.6 Å are integral to the structure. resolution using multiwavelength anomalous diffraction (MAD) on a mercury derivative of the crystal. Data collection, phasing, and refinement statistics are shown in A Ribose Zipper Joins the Terminal Stem Table 1 . The asymmetric unit in the crystal consists of and the 1082 Hairpin two 1:1 L11-RNA complexes stacked in a head-to-head
The association of the terminal stem with the 1082 hairmanner. The two complexes are nearly identical except pin occurs via their minor grooves. This rather intimate for a subtle bend in the terminal three base pairs of the packing is stabilized primarily by a dense network of RNA and a difference in the degree of disorder of the two hydrogen bonds between the riboses of nucleotides L11 N-terminal domains. Several observations strongly A1084-A1086 and C1104-A1106 (Figure 2A) . A similar suggest that the conformation observed in the crystal structural motif has been observed in the P4-P6 domain structure is extremely similar to the structure of the GAR of the group I intron and has been referred to as a ribose in situ in the ribosome. The RNA contains all of the zipper (Cate et al., 1996b). At the center of the four-way predicted secondary structure; the two complexes in junction, the 2Ј OH of A1086 appears to be a particularly the asymmetric unit are virtually identical; and, most crucial component of the ribose zipper. It makes hydrosignificantly, the structure explains most of the large gen bonds to A1103 N1 and G1056 2Ј OH and also body of experimental data on this system. directly ligates a crucial central cadmium ion (see below). A1086 has an unusual syn conformation that is necessary for the very tight packing of its sugar against Structure of the GAR RNA The predicted secondary structure of the GAR RNA the G1056-A1103 pair and for the reverse-Watson-Crick geometry of the U1082-A1086 pair ( Figure 2C ). Another (Glotz et al., 1981; Noller et al., 1981) is almost identical to that derived from the crystal structure ( Figure 1A) . The noteworthy feature of the ribose zipper is a minor groove A-(G-C) triple involving nucleotides A1085, G1055, and RNA secondary structure contains four double-helical segments, referred to as the terminal stem (color coded C1104 ( Figure 2C ). This minor-groove triple has also The reciprocal donation of a bulge from the 1067 stemloop to the 1095 stem involves nucleotides G1071 and Intimate Association of the 1067 and 1095 Stem-Loops by Reciprocal C1072, which form two novel long-range base triples with base pairs G1091-C1100 and C1092-G1099, re-
Donation of Bulges
The interaction between the 1067 and the 1095 stemspectively ( Figures 2B and 2C ). Within the 1095 stemloop, nucleotides G1089-(U1090-U1101) also form a triloops occurs primarily in their major grooves and is mediated largely by a reciprocal donation of highly ple ( Figure 2C ), with G1089 acting as a stacking platform for the other two triples ( Figure 2B ). The stacking of conserved bulged-out bases. This unusually intimate major-groove packing is the primary reason for the com-G1071 on G1089 is further stabilized by hydrogen bonds between the 1089 2Ј OH and 1071 N3 and between the pactness of the overall fold and it requires substantial distortions from regular helical geometry. This portion 1071 2Ј OH and the 1089 phosphate. These three base triples explain the sequence conservation of all these of the structure contains a large number of tertiary interactions, some of which are novel structural motifs.
residues. The 1072-(1092-1099) triple was previously predicted and subsequently experimentally confirmed, The 1095 stem donates a bulged-out base, A1088, to a pocket created by a distortion in the 1067 stem (Figure although the geometry proposed for the triple (Conn et al., 1998) differs from that seen in the crystal structure. 1). A1088 forms a universally conserved reverse-Hoogsteen pair with U1060 ( Figure 2C ). Because of steric constraints, A1088 must be in the syn conformation, which together with the reverse-Hoogsteen pairing geThe 1067 and 1095 Hairpin Loops The highly conserved 1067 hairpin loop consists of two ometry requires that U1060 must be flipped over. The inversion of U1060 is in turn facilitated by bulging out parts, a hairpin portion (U1066-A1069) that stacks on the sheared U1065-A1073 pair, and a three-nucleotide of the base of U1061. This inversion bulge, or S turn motif, has an S-shaped backbone conformation that bulge (A1070-C1072) that participates in two different long-range tertiary interactions. The hairpin portion has has been observed previously (Szewczak et al., 1993; Wimberly et al., 1993; Wimberly, 1994) . The insertion of a conformation commonly found in small hairpin loops with a U turn motif (Quigley and Rich, 1976) at U1066 A1088 also requires that residues A1077 and U1078 are unpaired and rotated out to open up the pocket. The and regular stacking of A1067-G1068-A1069. A1069 stacks on A1073, and its 2Ј OH hydrogen bonds to the unpaired conformation of these residues is stabilized by three hydrogen bonds to the sugar-phosphate back-N3 of U1065, thereby stabilizing the location of the 1069 sugar as well as the sheared geometry of the U1065-bone of the 1095 stem-loop at A1088 and G1089. Two of A1067 by O2Ј-methylation (Cundliffe and Thompson, 1979; Thompson et al., 1982) or transversion mutations Moreover, as described above, the structure of the NTD-CTD interface also suggests that the orientation of the at either site (Rosendahl and Douthwaite, 1994) confers thiostrepton resistance. It has also been shown that NTD has not been greatly perturbed by crystal packing. The NTD residues interacting with RNA include Lys-10, thiostrepton affects the reactivity of both A1067 and A1095, suggesting that these two sites are close toGln-12, Gln-30, and Lys-71. Lys-10 makes both main chain and side chain interactions with the RNA, and Glngether (Rosendahl and Douthwaite, 1994), as indeed they are in the crystal structure. As for the role of L11 30 probably interacts specifically with A1095. There is also electron density interacting with the Watson-Crick in antibiotic binding, it is known that L11 is required for high-affinity binding of thiostrepton to the RNA and that face of C1097, but it is not clear whether this density arises from the NTD; examination of an anomalous difbinding of L11 and thiostrepton to the RNA is cooperative. Thiostrepton has a much weaker affinity for the ference Fourier map reveals that some of this density must correspond to a mercury or cadmium site. While more experiments will be neceshighly conserved proline-rich helix, while Tyr-61 is over sary to test this hypothesis, it is worth noting that this 20 Å distant. The clustering of these sites of antibiotic cadmium ion is one of the two sites in the structure that resistance mutations, together with the cooperative ligates a guanosine N7. Both Mn 2ϩ and Cd 2ϩ preferenbinding data, strongly suggests that the antibiotics bind tially bind to guanosine N7, and it has been observed to the cleft between the RNA and the proline-rich helix that Mn 2ϩ stabilizes the tertiary structure more than 1 of the NTD. other divalent cations (Bukhman and Draper, 1997).
Discussion
The Major-Groove Dinucleotide Platform: A Generalization of the Adenosine Platform The Structure of the RNA Despite the accelerating pace of RNA structure determiThe crystal structure also reveals a new flavor of a known tertiary structure motif, the adenosine platform. In the nation, extremely little is known about RNA tertiary structure because only about five RNA folds have been structure of the P4-P6 domain, two successive adenines adopt a coplanar conformation-an adenosine platformdetermined. The crystal structure of the GAR RNA reveals an unexpectedly complex and compact fold that that serves as a stacking platform for a long-range tertiary interaction (Cate et al., 1996a). In the GAR structure, contains both well-known and novel structural motifs. The GAR RNA is in fact the most compact RNA structure two successive nucleotides, G1089 and U1090, adopt the same conformation seen in the adenosine platform yet reported, exposing only 138 Å 2 of solvent-accessible surface area per nucleotide (Nicholls et al., 1991). This ( Figure 2C ). The two bases are coplanar, with a single N2-O4 hydrogen bond between them, and they also extreme compactness is a result of extensive tertiary interactions along the entire length of the structure, in serve as a stacking platform for the 1071-1072 bulge involved in base triples ( Figure 2B ). There are, however, both the major and minor grooves. The other relatively compact known RNA folds exhibit primarily minorsome differences between the GU platform seen here and the AA platform. In the P4-P6 structure, the motif groove packing (e.g., the P4-P6 domain of the group I intron) or primarily major-groove packing (e.g., tRNA) is displayed in the minor groove rather than in the major groove, as is seen here. Moreover, in the P4-P6 structure and are therefore less efficiently folded. It is probable that very efficient packing of RNA will be found to be it is the 3Ј adenosine upon which the long-range stacking interaction occurs, while here G1071 rests upon the 5Ј common in the ribosome.
The crystal structure explains the molecular basis for residue of the motif, G1089. Finally, the tertiary stacking interaction occurs on opposite faces of the motif in the this helix is indeed intimately associated with the RNA, its interaction does not bear any similarity to the basetwo structures. Despite these differences, the near identity of the conformations and functions of the motifs in specific recognition of a major groove by the homeodomains. Regarding the NTD, its overall ␣ϩ␤ fold is similar these two structures leads us to suggest that the motif be referred to as a "dinucleotide platform," since it is to that seen in many other RNA-binding proteins (Ramakrishnan and White, 1998), but its ␤-␣-␣-␤-␤ topology clearly not restricted to adenosines. The few available data suggest that a GU dinucleotide platform may gener-
has not yet been observed in an RNA-binding protein. ally be more stable than an AA platform for major groove display. In the GAR, residues 1089 and 1090 are strictly RNA-Protein Interaction conserved as either GU or AA, but mutation from AA to The L11-GAR RNA interaction has been probed by bio-GU results in a significant stabilization of the RNA tertiary chemical and NMR methods, and the crystal structure structure Draper, 1994, 1995) . The major-groove is in good agreement with the results of these studies, GU dinucleotide platform motif has also been found in including a rather weak interaction between the RNA small RNA structures lacking tertiary interactions (Szewand the NTD. Stö ffler et al., 1980) Table 1. ribosomal RNA. Biochemistry 35, 6539-6548.
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